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RNA polymerases (RNAPs) transcribe genetic material by selecting nucleoside triphosphate (NTP) substrates according to the sequence of the DNA template. For thousands of nucleotide addition steps, RNAP translocates along the DNA without dissociating from either the template or the growing RNA product until it encounters a termination factor or signal. RNAP works against a considerable frictional drag in the cell. Indeed, RNAP from the bacterium Escherichia coli exerts mechanical forces that are substantially larger than those generated by "classic" molecular motors, such as kinesin and myosin.
During transcription, RNAP responds to various inputs, including nucleic acids, small effectors, and protein factors, with changes in velocity and in the structure of the transcription elongation complex. RNAP does not move along the template monotonously; at certain sites, it falls into various "offpathway" states that, far from being merely inactive complexes, are thought to be essential for transcriptional control. These off-pathway states likely mediate the recruitment of accessory factors and give rise to complexes that are paused, arrested, and prone to termination. The variety of mechanistically and biologically important states of the transcription elongation complex makes the analysis of transcript elongation crucial for understanding the mechanisms and regulation of gene expression. However, from a practical standpoint, the coexistence of several RNAP states complicates kinetic analysis because bulk measurements represent the ensemble average of these states. This problem can be addressed by single-molecule techniques, which apply forces on individual RNAP molecules and can be used to monitor their progression in real time, thus allowing, in principle, the analysis of only the rapidly moving, "on-pathway" transcription complexes. Abbondanzieri et al. (2005) now report a major technological improvement in their "dumbbell" optical trap, in which the distance between two beads is measured. One bead is attached to the end of the DNA and the other to RNAP, which allows the movement of RNAP along the template to be monitored. Through ingenious engineering-which involved switching to a helium atmosphere to reduce the effects of random air currents and the design of a passive-force clamp that exerts a constant force over a range of bead displacements-the authors achieved the ultimate, singlenucleotide resolution of RNAP position on a template and demonstrated that RNAP moves in discrete, nucleotidesize steps of 3.7 ± 0.6 Å.
The improved resolution, and the ability to "filter out" RNAPs that had fallen into backtracked states, allowed the authors to study the mechanism of enzyme translocation in the productive mode. Intuitively, upon completion of each nucleotide addition cycle, which is comprised minimally of NTP binding, phosphodiester bond formation, and pyrophosphate (PP i ) release, RNAP should move forward one step. However, until now, it has not been proven that RNAP physically moves in one-nucleotide steps (as opposed to several-nucleotide leaps), and both the exact point in the nucleotide addition cycle at which translocation occurs and the force that drives it are under debate. As with any other motor, two mechanisms can be envisioned for RNAP. In a power-stroke model, the energy released upon NTP hydrolysis is transformed into an elastic deformation of the enzyme and then used to "push" the RNAP forward upon relaxation. In a Brownian ratchet model, RNAP oscillates back and forth along the template in response to thermal motions; to favor a net forward movement, these fluctuations must be biased, e.g., by binding of the substrate NTP.
Several models positing that RNAP works as a Brownian ratchet have been put forth. Bulk biochemical assays demonstrate that, when slowed by NTP deprivation in vitro, RNAP oscillates among several modes, which differ in the position of the 3′ end of the RNA relative to the active site (Guajardo and Sousa, 1997; Bar-Nahum et al. Although the structural analysis of transcription has attained atomic resolution, techniques to manipulate single molecules involved in transcription have lagged behind. A recent paper in Nature by Abbondanzieri et al. (2005) closes this gap. This study finds that individual molecules of bacterial RNA polymerase move in single base-pair steps and concludes that RNA polymerase acts as a Brownian ratchet that is driven forward by the binding of incoming nucleoside triphosphates.
end in the active site, thereby blocking RNAP oscillations. These observations, however, cannot necessarily be extended to transcription at physiological concentrations of NTPs. In fact, previous studies by the Block lab suggested that a few RNAP molecules that undergo reverse translocation may do so upon ribonucleotide misincorporation, which is clearly an off-pathway event (Shaevitz et al., 2003) . By contrast, structural analysis of the complete set of intermediates in the T7 RNAP translocation cycle made a strong case for the power-stroke model, in which pyrophosphate (PP i ) release is tightly coupled to the translocation of RNAP by one nucleotide via movement of the catalytic O helix (Yin and Steitz, 2004) . Although the corresponding structures of the bacterial transcription elongation complex are not yet available, interactions with the nucleic-acid chains and the geometry of the active site are strikingly similar between very distinct multisubunit bacterial and single-subunit bacteriophage T7 enzymes, suggesting that the mechanochemistry of transcription may be universal.
Single-molecule experiments, in which application of external force would affect RNAP displacement along the DNA, can be used to distinguish between these models. The powerstroke model, in which PP i release drives translocation, predicts that, at low NTPs, when substrate binding is the rate-limiting step and the enzyme is "mostly translocated," the force will have little effect on RNAP velocity. Conversely, at high concentrations of NTPs, the PP i release (which is coupled to translocation) would be selectively slowed by an opposing force or facilitated by an assisting force. However, force-velocity measurements with E. coli RNAP by Abbondanzieri et al. (2005) reveal the opposite trend: RNAP is more sensitive to force at low NTP levels, whereas the force required to reduce its maximal velocity 2-fold decreased at high NTP levels. Together with the earlier data (cited in Abbondanzieri et al., 2005) showing that elongation velocity is largely independent of PP i concentration, this study rejects the model for E. coli RNAP translocation in which a power stroke is tightly coupled to PP i release. Importantly, however, this work does not invalidate the power-stroke model for T7 RNAP (for which comparable data are not available), nor does it imply that the E. coli enzyme does not use the energy from NTP hydrolysis to produce another kind of movement.
Instead, these data support a model in which binding of the NTP substrate (A) The model depicts the three steps of substrate loading. The incoming nucleoside triphosphate (NTP) substrate (green) is delivered to the catalytic center in three consecutive steps. The NTP binds to the entry site (ES), then to the preinsertion site (PS), and then to the insertion site (IS) (Temiakov et al., 2005) . RNA polymerase (RNAP) is shown in gray, with the catalytic "bridge" helix highlighted in light blue. The catalytic Mg 2+ ion, cMG1, and the substrate bound Mg 2+ ion, cMG2, are shown in magenta. The nontemplate DNA, the template DNA, and the nascent RNA strands are indicated in dark blue, red, and yellow, respectively. (B) The model depicts the nucleotide addition cycle for RNA. Driven by thermal motions, RNAP oscillates between pre-and posttranslocated states (1). NTP binding to the PS stabilizes the posttranslocated state (2), whereas subsequent NTP transfer to the IS induces "closing" of the active site to attain the catalytically competent state (3). During catalysis, the NTP is hydrolyzed to nucleoside monophosphate, which is added to the nascent RNA and the pyrophosphate (PP i ) moiety (4). The energy released upon NTP hydrolysis (magenta arrow) induces a conformational change in RNAP that destabilizes the closed state and facilitates the opening of the active site (5), which in turn allows for release of PP i , completing the nucleotide addition cycle (6). At high substrate concentrations, this cycle is essentially irreversible.
biases thermal fluctuations of RNAP in the forward direction. Interestingly, although force-velocity data could be fitted with a mechanism in which the substrate binds to a single catalytic site, an even better fit was obtained if an intermediate site was postulated, where NTP binds prior to catalysis. Whereas neither of these sites can be identified by single-molecule experiments, recent structural studies of multisubunit RNAP reveal three distinct NTP binding sites (Kettenberger et al., 2004; Westover et al., 2004) . Temiakov et al. (2005) proposed a model in which all three sites constitute a single NTP-loading pathway ( Figure 1A) . Which of these three sites are consistent with the "two-site" model?
The NTP binds to the preinsertion and insertion sites with high specificity, as revealed by its multiple interactions with residues in the protein and, most importantly, by base pairing with the DNA template. Together, these sites provide a double sieve for substrate selection by the RNAP. The importance of these sites is underscored by the presence of functionally analogous NTP binding sites in other proteins, such as T7 RNAP, CCA-adding enzymes, and aminoacyl-tRNA synthetases. In contrast, the low-affinity entry site (E site), in which the NTP does not interact with the template, is structurally unique (Westover et al., 2004) . It is thought that NTP binding at the E site stimulates the forward translocation of the transcription elongation complexes; however, no direct evidence in support of this idea has been presented. Several observations question the functional importance of the E site. First, the E site does not appear to mediate loading of the correct substrate because only a noncognate NTP (which does not promote translocation; Temiakov et al., 2005) binds in the E site, whereas the cognate NTP occupies the insertion site. Second, stable NTP binding to the E site, which is missing the determinants for substrate selection, would result in competition between the cognate and noncognate ribonucleoside triphosphates, or even deoxyribonucleoside triphosphates, thereby inhibiting transcription and reducing fidelity. Third, it is not obvious that competition between the phosphates of the E site NTP and the 3′-terminal RNA nucleotide can disrupt the extensive interaction between the nucleic acids and RNAP, an effect that would be required to drive translocation. Finally, NTPs can access the E site only through the secondary channel, which also serves as a binding site for various regulators. Some of these factors would be expected to hinder substrate entry. However, tagetitoxin (a phytotoxin produced by Pseudomonas syringae pv. tagetis), whose binding site overlaps with the E site, does not compete with the NTP (Vassylyev et al., 2005) . By contrast, NTPs can enter the preinsertion site through the main channel, bypassing the secondary channel.
Certainly, many additional experiments are required to elucidate the exact role of the NTP binding sites that are detected by structural analysis and are inferred from kinetic studies (for a review, see Landick, 2005) . Moreover, we may yet discover additional substrate sites. However, a mechanism in which the NTP is delivered to the catalytic center via the "classic" two-step pathway, which is observed in many other nucleic-acid enzymes, adequately explains the available data. In this model ( Figure 1B) , the substrate first binds to the preinsertion site and then moves to the insertion site. This movement is accompanied by the structural isomerization of RNAP from the "open" to the "closed" conformation in which translocation is likely to be blocked. The energy released during catalysis may be used to facilitate reverse isomerization into the open state, a prelude for the next nucleotide addition cycle. This putative isomerization may involve relatively large rearrangements of the RNAP domains, which in turn may alter the distance between certain elements in RNAP and DNA. At their current resolution, single-molecule experiments may be able to sense these conformational transitions, the amplitude of which is comparable to single-nucleotide steps, thereby complementing the structural analysis of static transcription complexes.
